Researchers have begun to use DNA molecules as an efficient template for arrangement of multiple functionalized nanomaterials for specific target applications. In this research, we demonstrated a simple process to co-dope synthetic DNA nanostructures (by a substrate-assisted growth method) and natural salmon DNA thin films (by a drop-casting method) with divalent metal ions (M 2+ , e. 10−14 DNA can be functionalized with various materials such as proteins, drugs, metallic and semiconducting nanoparticles, carbon-based materials, fluorescence dye molecules, and metal and lanthanide ions. 15−26 Similarly, natural DNA such as lambda and salmon DNA (SDNA) has also been used in the fields of biology, medicine, and bionanotechnology. 27, 28 Such DNA can be easily obtained in large quantities at a relatively low cost, and these molecules can be easily incorporated with various functionalized nanomaterials.
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ABSTRACT: Researchers have begun to use DNA molecules as an efficient template for arrangement of multiple functionalized nanomaterials for specific target applications. In this research, we demonstrated a simple process to co-dope synthetic DNA nanostructures (by a substrate-assisted growth method) and natural salmon DNA thin films (by a drop-casting method) with divalent metal ions ( 2+ ) and then changed to amorphous above 0.4 mM (0.6 mM). Consequently, phase diagrams of the four combinations of dopant ion pairs were created by analyzing the DNA lattice phases at given [M 2+ ] and [Ln 3+ ]. Interestingly, we observed extrema values of the measured physical quantities of DNA thin films near [Ln 3+ ] O , where the maximum current, photoluminescence peak intensity, and minimum absorbance were obtained. M 2+ -and Ln
3+
-multidoped DNA nanostructures and DNA thin films may be utilized in the development of useful optoelectronic devices or sensors because of enhancement and contribution of multiple functionalities provided by M 2+ and Ln 3+ .
■ INTRODUCTION
DNA molecules have been widely explored as useful building materials because of their intrinsic characteristics, for example, base sequence design capability, self-assembly predicted by complementary binding, and simple adaptability with various functionalized materials. Various dimensional structures made of synthetic DNA oligonucleotides have been constructed with precise control of size, shape, and pattern. 1−9 DNA structures can serve as effective building platforms for arrangement of various nanomaterials to be used in specific target applications such as optoelectric devices, chemical sensors, drug delivery, and biocomputing.
10−14 DNA can be functionalized with various materials such as proteins, drugs, metallic and semiconducting nanoparticles, carbon-based materials, fluorescence dye molecules, and metal and lanthanide ions. 15−26 Similarly, natural DNA such as lambda and salmon DNA (SDNA) has also been used in the fields of biology, medicine, and bionanotechnology. 27, 28 Such DNA can be easily obtained in large quantities at a relatively low cost, and these molecules can be easily incorporated with various functionalized nanomaterials.
DNA structures embedded with individual nanomaterials such as quantum dots, gold nanoparticles, cobalt ions, and doxorubicin were fabricated, and their chemical, physical, and biological properties have been reported. However, there are certain limitations to construction of multiple functionembedded DNA complexes containing various types of nanomaterials because of difficulties in estimating appropriate amounts of the nanomaterials at a given DNA concentration. Consequently, DNA structures with optimum concentrations of nanomaterials are expected to show drastic enhancements of specific physical characteristics for further applications. ]. I, which is one of the most fundamental physical characteristics, can provide the overall electrical behavior of a sample through controlling the applied V. Each sample with a different combination and concentration of dopant ions was evaluated by sweeping the input V from −3 to 3 V. Interestingly, we noticed I offsets at 0 V, which may be caused by charge trapping and the negatively charged nature of DNA molecules. 25 Figure 2 . Figure 4 shows the absorbance spectra used to reveal the interactions between DNA molecules and dopant ions of M 2+ -and Ln 3+ -co-doped SDNA thin films. The Co 2+ −Tb 3+ , Co 2+ − Eu 3+ , Cu 2+ −Tb 3+ , and Cu 2+ −Eu 3+ co-doped SDNA thin films showed a similar trend in that the intensity at a wavelength of 260 nm (major characteristic peak produced from DNA) was quenched until a certain critical concentration and then increased as [Ln 3+ ] was further increased. Relatively broader absorbance peaks were observed with higher concentrations of dopant ions compared to pristine SDNA. The insets in Figure  4 shows the intensity changes of absorbances at 260 nm as a function of [ Figure 2 .
The PL emission and PL excitation (PLE) spectra (Figure  5a ,c) and Gaussian-fitted PL intensities and areas ( Figure  5b,d ) of Co 2+ -and Tb 3+ (Eu 3+ )-co-doped SDNA thin films are shown in Figure 5 (PL spectra of Cu 2+ -and Ln 3+ -co-doped SDNA are shown in Figure S4 ). PL and PLE spectra were obtained to study energy transfer among SDNA and dopant ions. As shown in the insets in Figure 5 , both Co 2+ −Tb 3+ and Co 2+ −Eu 3+ co-doped SDNA thin films showed the same excitation wavelength (λ ex ) of 290 nm at fixed emission wavelengths (λ em ) of 545 and 615 nm, respectively. Figure S3 in Supporting Information shows representative PLE spectra of Co 2+ −Tb 3+ and Co 2+ −Eu 3+ co-doped SDNA thin films at fixed λ em values of 545 and 615 nm, respectively. DNA molecules absorbed photon energy through excitation of electrons from the ground state to the single state. Energy transfer then occurred within the singlet state through the process of internal conversion. After internal conversion, electrons from the singlet state in SDNA are relaxed to the triplet state in codoped SDNA by intersystem crossing, followed by relaxation from the emissive state to the ground state, resulting in PL emission. Figure 5a shows the PL spectra of SDNA thin films with varying [ -codoped SDNA thin films also showed a similar trend in which the intensity of the major peak at 615 nm increased as [Eu 3+ ] increased to the critical concentration of 0.8 mM. As expected, the area of the peak at 615 nm obtained from Gaussian fitting showed the same trend as the PL intensities (Figure 5d ).
■ CONCLUSIONS
In conclusion, we synthesized a M 2+ -and Ln 3+ -co-doped DX-DNA nanostructures via a substrate-assisted growth (SAG) method and SDNA thin films on substrates by a drop-casting method while varying the combination and concentrations of dopant ions. Phase transition from 2D DX nanostructures to amorphous structures occurred at critical concentrations. M 2+ -and Ln 3+ -co-doped SDNA thin films showed increasing current up to the critical concentration and decreased as the dopant ion concentration was further increased. The same trend was observed for PL, whereas absorbance showed the opposite behavior. The critical concentration for each combination of dopant ions in SDNA thin films was well matched with the critical concentration of DX-DNA nanostructures obtained from phase diagrams. Tunable physical properties of M 2+ -and Ln 3+ -co-doped DNA structures by simply changing the concentrations of dopant ions are crucial for further applications. By combining the advantages of DNA structures serving as a template and dopant ions possessing intrinsic characteristics, M 2+ -and Ln 3+ -multiple-doped DNA structures can be used in particular devices and sensors such as transistors, flexible displays, organic light-emitting diodes, and gas sensors.
Experimental Methods. To improve the binding affinity among charged DNA molecules and a substrate through electrostatic interaction, a substrate (glass for the phase analysis and fused silica for current, absorbance, and PL measurements) was treated with oxygen (O 2 ) plasma. An O 2 plasma treatment (CUTE-1MP/R Plasma processing system, Femto Science, Gyeonggi, Korea) was used to introduce a silanol group on a given substrate. This functional group changes the surface of a substrate from hydrophobic to hydrophilic, which helps to achieve stable growth of DX-DNA nanostructures and the formation of SDNA thin films with uniform thickness (Figure 1 (Figures 1, 2 , and S1, Tables S1, and S2 in Supporting Information).
Next, 0.1 g of SDNA (Marine Salmon P/no. DPO 1405787, GEM Corporation, Shiga, Japan) dissolved in 10 mL of deionized water was prepared for construction of the SDNA thin film. The SNDA solution was kept on a magnetic stirrer at 800 rpm for 10 h at room temperature to achieve a homogeneous 1 wt % SDNA solution. ] was drop-cast on a given substrate and left overnight. The final thickness and the average root mean square displacement of the ion co-doped SDNA thin film was ∼2 μm and ∼4 nm, respectively (Figure 1) .
Glass with DX-DNA nanostructures was attached on a metal puck for AFM imaging. Then, 30 and 20 μL of 1× TAE/Mg 2+ buffer was added onto the substrate and silicon nitride AFM tip (NP-S10, Veeco Inc., USA), respectively. AFM measurements were carried out by a multimode nanoscope (Veeco Inc., USA) in fluid-tapping mode (Figures 1, 2 , and S2 in Supporting Information).
To evaluate the electrical characteristics, two-probe measurements (silver contacts with a channel gap of ∼1 mm) through the M 2+ -and Ln 3+ -co-doped SDNA thin film were conducted using a semiconductor parameter analyzer (4200-SCS, Keithley Instruments Inc., USA) (Figures 1 and  3) .
UV−visible optical absorption of the co-doped SDNA thin film was examined to understand the interaction between the DNA and ions. The spectrophotometer (Cary 5G, Varian, CA, USA) is composed of light sources and detectors (Figures 1  and 4) .
The PL and PLE spectra of the co-doped SDNA thin film were performed at an ambient condition using a Xe-arc lamp equipped fluorometer (FS-2, Scinco, Seoul, Korea) with a power of 25 W. The PLE (PL) spectra were attained at fixed wavelengths λ em (λ ex ) of 545 and 615 nm (297 nm) (Figures 1,  5 
